A versatile pH-dependent fluorescent protein was applied to intracellular pH measurements by means of the phasor approach to fluorescence lifetime imaging. By this fit-less method we obtain intracellular pH maps under resting or altered physiological conditions by single-photon confocal or two-photon microscopy.
intervals, or of the intensities following excitation at two specific wavelengths; this ratio is independent of the indicator's intracellular concentration. 10 Ratiometric pH indicators display multiple excitation-emission maxima with opposite pH dependence. Yet, wellknown drawbacks of ratiometry are the reduction of the signal-to-noise ratio at low intensities, owing to the intrinsic error amplification of the ratio operation, and the wavelength-dependent focal depth in wide-field microscopy.
Fluorescence lifetime imaging (FLIM) is an excellent alternative to ratiometric measurements, since fluorescence lifetime is concentration independent and a single excitation wavelength/emission interval is required. 13 In some pH-dependent AFPs, the two protonation states of the chromophore display fairly different lifetimes, making these probes suitable for FLIM-based pH i measurement. 14 The major drawback of conventional FLIM, however, is the small number of photons usually collected per pixel (∼ 500-1000). This is barely enough to distinguish a single from a double exponential decay, which represents the minimum requirement to determine if at least two species are present in the same pixel. Also, AFPs usually display multi-exponential decays for each pH state, making the emission decay analysis at each pixel a demanding computational problem.
The phasor analysis, developed by Jameson, Gratton, and Hall, 15 was shown to overcome the main drawbacks of FLIM measurements in several contexts. 16, 17 In short, phasor analysis uses a graphical approach to determine the relative ratio of two molecular species by representing in a polar 2D plot (phasor plot or A/B plot 18 ) the cosine (g i,j ) and sine (s i,j ) Fourier transforms of the normalized emission decay collected in each pixel i, j. For monoexponential decays, the phasor (g i,j , s ij ) lies on a semicircle (universal circle) of radius 1/2 and center (1/2,0); for multi-exponential decays the phasor lies inside the semicircle. Any two-state mixture must give a phasor lying on the segment connecting the phasors of the two individual states, regardless of the number of exponentials they entail (ESI † ). 16, 18, 19 The relative distance of the mixture's phasor from the individual states reflects the fractional intensity contribution of each state. From this the molar fractions of the mixture can be inferred. 16, 18, 19 In this work, we apply phasor analysis to FLIM-based pH i measurements using an AFP indicator carefully tailored to monitor pH i (E 2 GFP: F64L/S65T/T203Y GFP). 20 We show that this approach leads to a fast graphical determination of pH i maps under different physiological conditions, requiring only a preliminary phasor calibration in the pH working range of the fluorescent indicator. Also, we demonstrate that autofluorescence can be easily distinguished from indicator emission, since autofluorescence phasors fall clearly outside the segment accounting for all pH values measurable by the indicator. This improves pH i detection accuracy.
Although E 2 GFP is characterized by multiple proton exchanges involving the chromophore, the protein optical properties follow a single protonation equilibrium with pK a = 6.78 both in vitro and in cells. 21 The low-pH state of E 2 GFP emits at 510 nm and possesses Φ = 0.10; its high-pH counterpart emits at 525 nm and is significantly brighter as Φ = 0.88. 9 The two states are characterized by different emission time decays. The decay of the high pH-state is almost mono-exponential with τ = 3.49 ns; conversely, at low-pH the decay is a tripleexponential with τ 1 = 3.49 ns, τ 2 = 1.13 ns, and τ 3 = 0.49 ns (Fig. 1a) . Excitation at 405 nm affords comparable global emission intensity in the 500-600 nm range, thus representing the † Electronic supplementary information (ESI) available: (1) Materials and methods, (2) theory of phasor dependence on pH, (3) fitting of lifetime decays for calibration solutions with Fig. S1 , (4) comparison between FLIM images collected at 740 and 800 nm by TPE (Fig. S2 ).
best option for accurate detection of pH-associated lifetime changes. A similar photophysical behavior is observed by two-photon excitation (TPE) at 800 nm.
We obtained a universal pH calibration of E 2 GFP on the phasor plot. The calibration provides the correspondence between a phasor (g i,j , s i,j ) and the pH measured in that pixel in target cell samples according to the Henderson-Hasselbalch equation (see theoretical description in ESI † ). Calibration measurements were collected by single-photon excitation (SPE) at 405 nm on pH-clamped E 2 GFP-expressing cells or by TPE at 800 nm in buffer solutions of E 2 GFP. As expected (eqn S4a and b in ESI † ), phasor plots show good linear arrangements of pixel clusters corresponding to each pH value, with the highest pH phasors lying very close to the universal circle, according to the mono-exponential decay behavior at high pH (Fig. 1b) . The linear arrangement of pixel clusters excludes the presence of FRET between protonated and anionic states of E 2 GFP in protein dimers that may occur at the intracellular level. We should also add that the presence of dimers at the typical intracellular protein concentrations adopted in the experiment has been excluded by dynamic anisotropy measurements (not shown).
Note that the pixel clusters collected by TPE are displaced with respect to SPE phasors, owing to the different repetition rate of the two exciting sources (405 nm: 40 MHz, 800 nm: 80 MHz). Additionally, SPE measurements were characterized by a higher signal-to-noise ratio than TPE, as shown by the narrower pixel distribution in the phasor plot. This effect may be attributed to lower brightness of E 2 GFP under the adopted TPE conditions. As predicted from theory (eqn S6a and b, ESI † ), plots of g i,j and s i,j vs. pH were adequately fitted to the Henderson-Hasselbalch equation yielding pK a = 6.85 (Fig. 1c) , in excellent agreement with the thermodynamic pK a of E 2 GFP. 21 The same pH dependence was also observed on τ av obtained by multi-exponential fitting of lifetime decays collected for calibration solutions (Fig. S1, ESI  † ) . This further confirms the physical equivalence between the phasor approach and conventional FLIM. The accuracy of pH determination was estimated by inspecting cells clamped to the same pH: we found out that accuracy is slightly pH dependent as the standard deviations are σ = 0.015 pH unit at pH = 6.0, σ = 0.08 pH unit at pH = 7.2, and σ = 0.10 pH unit at pH = 7.6. Then, we imaged by TPE 3T3 fibroblasts expressing untargeted E 2 GFP, which distributes almost evenly between cytoplasm and nucleoplasm by passive diffusion. 22 Cells were imaged at the basal state (Fig. 2a) and under pro-apoptotic conditions upon H 2 O 2 exposure (Fig. 2b) . For each pixel the lifetime decay was converted into the corresponding phasor (Fig. 2c) . Under physiological conditions, the average phasor of the main pixel cluster falls in the pH range of 7.0-7.25 ( Fig. 2c and d) confirming the expected neutral pH of the fibroblasts in the resting state. Detailed analyses at the subcellular level indicated a rather homogeneous pH i distribution (σ = 0.25 pH unit), independent of image zoom. Yet, the pixel pH distribution was slightly broader than those observed for images of cells clamped to a given pH (σ = 0.17 pH unit), witnessing the intrinsic pH variability of cells in the physiological state. 20 These results compare well with previously reported data. 23 Indeed, cytoplasmic pH i is strictly regulated by specific ioncoupled transporters 2 as well as aerobic and anaerobic metabolism, 24 and it typically lies within the 7.0-7.4 range; also, no pH i gradients are observable between cytoplasm and nucleoplasm. Remarkably, the phasor plot allowed for the easy discrimination of pH-dependent E 2 GFP fluorescence (phasors falling along the pH calibration line, Fig. 2c ) and cell autofluorescence (phasors off the pH calibration line). After 5 minutes of incubation with 1.5% H 2 O 2 in the culture medium, cells started to lower their pH in response to oxidative stress ( Fig. 2c and e) , the latter factor being a well-known trigger of cell apoptosis. 25 In keeping with the ongoing apoptotic process, the observed acidification correlated with a significant cell shrinking, as visible from the comparison of intensity images (Fig. 2a and b) . Again, autofluorescence phasors were easily distinguishable in the phasor plot, although they appeared slightly displaced with respect to the resting state ( Fig. 2c and e ).
The phasor analysis was then applied to identify pH of mitochondria. Measurements were performed by SPE on E 2 GFP targeted to the mitochondrial matrix of HeLa cells by fusion with the subunit VIII of human cytochrome c oxidase (Fig. 2f and g ). The mitochondrial matrix is known to possess a rather alkaline pH (>7.5), as the establishment of a proton gradient with cytoplasm is fundamental to the proton-transport process associated with ATP production by oxidative phosphorylation. 26 Consistently, the phasor plot yields pH = 8.0 for the mitochondrial matrix in resting cells (Fig. 2h and i) . Oxidation-induced apoptosis appears to cause mitochondrial acidification. 25 We also tested the effect of 1.5% H 2 O 2 : the phasor plot clearly displays a marked decrease of mitochondrial pH down to 7.0 (Fig. 2g, h  and j) .
In conclusion, we demonstrated for the first time the application of phasor-based fluorescence lifetime imaging to intracellular pH determination under both resting and altered conditions. We took advantage of a genetically-encoded fluorescent protein whose physicochemical properties are strongly dependent on environmental pH on account of a proton dissociation equilibrium at the chromophore level. The versatility of our fluorescent probe allows cell imaging and pH determination both by single-and two-photon excitation.
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